Abstract: High-resolution reflection seismic investigations carried out in the Porcupine Basin, SW of Ireland, have shed light on the presence of several provinces of giant carbonate mounds. An intriguing setting is found on the northern slope of the basin. A cluster of surface mounds appears to be flanked by a large upslope, crescent-shaped province of buried mounds. Below the transitional zone, large imbricated slide scars suggest repeated failures. The buried mounds rise from an undisturbed basal horizon and seem to represent a single event, confined in time and space. Both high-resolution and industrial seismic data reveal a close vertical match of the mound cluster with a lower, buried sea-bed failure, where hydrate build-up may have played a role. The latter association may not be entirely fortuitous. It is suggested that gas venting may have triggered the formation of the mound clusters, and that the underlying sea-bed failure forms a previous but different expression of gas venting, on a common, episodic fluid migration pathway but under strongly contrasting bottom water temperature conditions.
Industrial seismic surveys and cruises of the research vessels Belgica, Prof. Logachev and Pelagia in 1997 and 1999 in the Porcupine and Rockall basins, west of Ireland, have revealed large provinces and clusters of impressive sea-bed mounds, up to 200 m high and 2 km in diameter (Akhmetzanov et al. 1998; Croker & O'Loughlin 1998; Henriet et al. 1998) . A set of 31 large mounds was described by Hovland et al. (1994) on the northern slope of the Porcupine Basin. These 'Hovland' mounds are clustered in an area ofc. 375km 2 (15 krn X 25km) and lie in water depths between 600 and 900 m. Many of them are girdled by deep moats. A highresolution seismic survey carried out by R.V.
Belgica in May 1997 revealed that these large sea-bed mounds are only one of several mound types in the basin . The Hovland mounds are flanked to the north by a large, crescent-shaped province ( Fig. 1) of smaller, buried build-ups, which we have named the 'Magellan' province, after the commercial survey vessel from which they were first observed. Still another, fundamentally different, mound setting has been discovered on the eastern margin, the impressive range of 'Belgica' mounds, named after the R.V. Belgica.
The possible role of methane seeps in the genesis and growth of carbonate mounds in these settings and in hydrocarbon provinces in general is a debated issue (Hovland 1998; Ivanov et aL 1998; van Weering & Henriet 1998) . The Hovland mounds seem to be associated with possible fault-controlled paths of migration of methane from deeper hydrocarbon reservoirs (Hovland et al. 1994) . Pockmarks are observed south of them (R.V. Belgica 97 data). The Connemara oil field, some 90 km further upslope of the Magellan province (53~ features large diapiric gas chimneys (Games 2001) . Highresolution seismic data from site surveys and from the 1999 survey of R.V. Belgica in this oil field area have given ample evidence of shallow gas. Other evidence for fluid migration occurs on the eastern margin of Porcupine Basin: in the Belgica mounds area, where an intriguing mound structure (Henriet et al. 1999 ) may argue for fluid migration. Paradoxically, analyses of pore fluids and carbon isotopes in carbonates from shallow cores on the Porcupine mounds have hitherto failed to produce any conclusive evidence of the presence of hydrocarbons in sediment pores or on the possible role of methane in any carbonate precipitation in surficial layers or corals Ivanov et al. 1998 ).
The present paper adds a few more elements to the debate. It focuses on an intriguing relationship between the Hovland and Magellan mound settings, and on their spatial association with large buried slope failure features. A development model involving gas venting and the buildup and decay of gas hydrates may suggest a remarkable interplay between internal (geological) and external (climatic) controls on the coupling of mounds and slope failures on the northern slope of the Porcupine Basin through Quaternary times. The Magellan mound province appears as a kind of upslope 'halo' fringing the Hovland mound cluster, and separated from the latter by a moundless gap of 6 -8 km. Swarms of sometimes very closely spaced mounds within this province typically rise from a single, undisturbed horizon, and are generally buried below a few tens of metres of drift sediments. This suggests a particular growth event, confined in space and time. Furthermore, there seems to be a distinct spatial pattern within this crescent, with mounds reaching their largest size at the western boundary, where a few mounds even extend to the present sea bed or rise high above the sea bed (Fig. 2, left) . In a northerly direction, however, the mounds decrease progressively in size and finally fade out. Some detached patches of very small mounds displaying this upslope fade-out have been identified further north, midway between the Magellan province and the Connemara oil field. The downslope boundary is abrupt and it rather closely matches the trace of a large buried erosional or slump scar.
The Magellan mounds
High-resolution reflection seismograms over the Magellan province show the frequent occurrence of lung-to butterfly-shaped twin structures. Examples are displayed in Figures 2 and 3. They might represent (axial to slant) crosssections through ring-shaped build-ups. The ring hypothesis could be supported in a preliminary way by two out of three carefully navigated perpendicular sections from the 1997 survey, but conclusive evidence requires further detailed investigations, which are also planned with deeptowed seismic devices to increase the lateral resolution. Fig. 3 . High-resolution reflection seismic profile through a symmetrical twin structure, interpreted as a possible cross-section through a ring-shaped mound, in the northern part of the Magellan mound province. The top line is the sea bed; dashed lines are correlation lines. The moats fringing the mound are well expressed in the embedding drift sediment, and can be traced to the sea bed. Location is shown in Figure 1. A count of the mounds along the highresolution seismic lines, extrapolated to the whole area, suggests the presence of several hundreds of Magellan build-ups (Pillen 1998). Fully developed mounds have a height between 60 and 90m, exceptionally up to 130m. At least 40% of the medium-sized cross-sections in the northern part of the province suggest a possible ring shape. The outer diameter of twin structures generally ranges between 100 and 400m, exceptionally up to 800 m. The central gap has a width between 25 and 75 m. Many butterfly-or lung-shaped cross-sections are remarkably symmetrical (Figs 2 and 3), other are asymmetric, and some display coalescing twin structures. Some sections also distinctly show twin elements merging towards the top, which might suggest, in the case of axial crosssections, a possible terminal closure and capping of the central gap.
The setting of the Magellan mounds in the embedding drift sediments is most interesting. The flat and undisturbed basal set of reflectors caps a peculiar deeper horizon characterized by small-scale deformations and laterally varying amplitude anomalies (alternating white patches and bright spots), located some 15-20 m below the base of the mounds (Fig. 4) , under a very lowangle unconformity. Above this flat sequence, the drift sediments show a wavy to hummocky reflector configuration, with cuspate depressions alternating with broad convex swells. This morphology extends to the sea bed. On many sections, the V-shaped cusps do coincide with moats flanking the buried mounds (Fig. 2) , suggesting a primary control from the mound build-up. At the surface, the grooves and ridges apparently display a remarkable parallel, north-south-trending pattern on the sea bed (Croker, pers. comm.) . Not all mounds, however, are flanked by moats. In some profiles, the embedding sediments remain close to horizontal up to the flanks of the mounds. The top of virtually all mounds is capped by a convex sediment drape.
The hummocky to wavy reflector configuration of the drift sequence is generally confined to the Magellan province and stops abruptly at its boundaries. It is believed that many cuspate depressions, not directly flanking mound structures (Fig. 2, marked 'd') , nevertheless betray the lateral proximity of a mound.
Genetic model involving fluid venting
It is assumed that these mounds are largely built of carbonate sediments, with a carbonate concentration of 25-65% (measured on a proximal surface mound in the Hovland province; Mazurenko 1998) . The carbonate at the surface of the Hovland mounds and in the shallow subsurface consists of a normal pelagic coccolith ooze. Foraminiferal assemblages are typical of the upper bathyal realm (Coles et al. 1996) . This does not exclude a possibly wide compositional and textural range within the mounds, including recurrences of large coral debris, as observed in some cores.
Although large differences do exist, it is tempting to refer to fossil examples of large carbonate mud mounds, for instance the Upper Tournaisian 'Waulsortian reefs', which also developed in subphotic environments. Lees & Miller (1995) published an influential paper emphasizing the role of a bacterial biofilm in providing organic substrates for biogeochemical reactions leading to carbonate precipitation and early induration. Early induration can account for the often remarkable steep slopes of such primarily soft muds, preserving them from failing in strong bottom current regimes. Endemic or opportunist epifauna such as coldwater corals (hosting polychaetes), sponges, bryozoans, bivalves, gastropods and echinoids could be regarded as a guest fauna, not essential for the mound growth. Other examples of the possible mediating role of bacteria in carbonate build-up and/or early diagenesis have been reported (Peckman et al. 1998) , in particular in Devonian mounds in Belgium (Bourque & Boulvain 1993) , Algeria (Wendt et aL 1997) , Italy (Cavagna et al. 1998) and Morocco (Belka 1998) .
Any local proliferation of life on the sea bed, of whatever nature, requires a significant flux of nutrients. The way in which mounds display a spatial association with potential fluid migration sites in Porcupine Basin and the lack of any isotopic evidence in surface samples has been mentioned previously. It is suggested that the paradox may be solved by invoking short-lived 'triggering' controls of mound nucleation, which may have been of internal (seep) origin, followed by sustained 'growth' controls, which probably come from external fluxes. Seeps, whether on ridges or on active or passive margins, are by nature transient phenomena, both through the source dynamics controlling the advection and the sealing of conduits by mineral precipitation.
The dense and well-confined Magellan mound province of Porcupine Basin may bear witness to such a methane venting 'spike', of internal (seep) origin but in its effect probably modulated by external (climatic) factors. The interpreted ring shape of a large number of buried build-ups, if further corroborated, may argue for focused venting. The undisturbed nature of the basal horizons systematically observed immediately below the Magellan mounds (and above the disturbed horizon with variable reflection amplitudes), however, rules out large-scale mud volcanism or diapirism. Venting could have facilitated the formation of a fringe of authigenic carbonates, like those widely reported as primary deposits fringing seep sites (Hovland & Judd 1988; Reilly et al. 1996; Bohrmann et al. 1998) . Ambient epifauna could have settled on such solid substrate, thus possibly providing a nucleus for mound growth.
A role for hydrates?
The spatial match between the mound swarm and the deeper, disturbed horizon characterized by a laterally varying acoustic reflectivity suggests a link. The vertical projection at the sea bed of the upper boundary of this disturbed horizon spatially matches the upslope boundary of the overlying Magellan mound province, which appears to fit the 500-600 m isobath. The control of water depth and hence pressure may, in turn, under suitable conditions of temperature and methane flux, involve a possible role of methane hydrates.
Gas hydrates are ice-like crystalline compounds that occur when water molecules form a cage structure around guest molecules under conditions of high pressure and low temperature (Sloan 1998 ). Natural gas hydrates are mostly found in marine or lacustrine sediments where water depths exceed 300-500 m (Kvenvolden 1998) . Their generation generally requires the presence of a prolific methane source.
Recent industrial data covering the westernmost part of the Magellan province shed a new light on the nature of the buried deformed layer under the Magellan mounds, characterized by laterally varying amplitudes, and allow us to identify it with a large sea-bed failure, resembling a shattered windscreen with large angular blocks (Croker, pers. comm.) . If the spatial match between the Magellan mound province and the underlying past sea-bed failure can be corroborated over the full areal extent of the Magellan mounds crescent, it means that the upper boundary of the slope failure also closely fits (palaeo)depth contour lines. Although further control is needed on palaeodepths and their evolution in this part of the Porcupine Basin, the sea-bed failure area could originally have been situated in a palaeodepth range between 500 and 700m under interglacial sea-level conditions. This depth interval, when exposed to cold-water currents in glacial seas, moves into the stability field of gas hydrates, as verified by a simple model calculation below.
Evidence of glacial conditions in Porcupine Basin rely primarily on the record of Irish land ice, which has been found up to the Munsterian Cold Stage (300-130ka BP; Mitchell & Ryan 1997) . Earlier glacial conditions cannot be ruled out. The Connemara Field 3D seismic survey, upslope of the Magellan mound province, has highlighted examples of buried iceberg ploughmarks (Games 2001) . A prominent horizon scoured by icebergs is also clearly visible on site survey data and on the high-resolution reflection data shot by R.V. Belgica in June 1999 on the Connemara Field. Under such glacial edge conditions, bottom water temperatures on the northern slope of Porcupine Basin probably did not exceed 0 ~ Figure 5 shows the stability conditions of methane hydrates below the sea bed, under present water depths of 500m (Fig. 5a ) and 700 m (Fig. 5b) . The methane hydrate stability in sea water (Dickens & Quinby-Hunt 1994) is depicted by the phase boundary (bold continuous line). The model assumes an arbitrarily set minimal post-glacial bottom water temperature value of 7.5 ~ The NOAA Levitus World Ocean Atlas refers to a present sea-floor temperature of 10.2~ in the near vicinity of the Hovland mounds (Levitus et al. 1994) . A thermal steadystate profile with a gradient of 0.03 ~ m-~ is assumed (Croker & Shannon 1987) , as well as current values for the thermal properties of seabed sediments. Under glacial conditions, a bottom water temperature of 0~ is assumed, with a sea level lowered by 100-120m. The temperature profile is drawn as a fine dashed line. Under such glacial conditions and below a slope situated between water depths of 580 and 380 m, the lower boundary of the hydrate stability zone lies between 300m (downslope) and 200m (upslope) below sea floor.
We next consider a postglacial situation, 10 ka after a sudden water temperature rise of +7.5 ~ (bold dashed line). At the upper end of the slope, under interglacial water depths of 500m, we clearly leave the hydrate stability window. Downslope, below a sea floor at 700m, a residual stability zone of 100m depth is still found, but it disappears if temperature is raised to 9 ~ This argues for the absence of gas hydrates in the northern part of the Porcupine Basin, upslope of the Hovland mound cluster, under present conditions. Obviously, many factors have not been taken into account in this simplified model, e.g. burial depth, basin subsidence, the isostatic response of the margin in glacial-interglacial cycles, etc. The model, however, suggests the possible role of a critical depth zone on the continental slope of glaciated margins, in which hydrates may have developed. Provided a prolific methane source is present, such sea-bed depth zone is prone to failure under the influence of the waxing and waning of hydrates, paced by glacial forcing cycles. This could have been the fate of the past sea bed, found some 15-20m below the Magellan mounds.
This failed sea bed was consequently buried, and just above it, under later and probably strongly contrasting oceanic conditions, a dense and strongly delineated swarm of mounds started growing. Is this spatial coincidence purely fortuitous, or can these superimposed sea-bed processes (the possibly hydrate-controlled seabed failure and the growth of a dense swarm of mounds) have a common origin? In other words, could the Magellan mound clusters and the underlying sea-bed failure form two different sea-floor expressions, at different times and under contrasting oceanic conditions, of a common fluid migration and gas venting pathway? This development model, displayed in Figure 6 , is a topic for further research, in particular within the framework of European projects.
Major slope failures in the Hovland province
As shown in Figure 1 , the downslope boundary of the Magellan province coincides with or slightly straddles (in the northeastern region) a complex, major buried slope failure. Profiles through the western slide scar (Fig. 7, top) show two imbricated slide events (a, b), each followed by a phase of fill, first by high-energy deposits and next by drift drape. The maximal scar height (at the western extremity) is c. 200 m. Further downslope, the slope failure suddenly abuts against another steep erosional slope, shaping a bowl rather than an open-ended slide track.
Such observations support past events of possibly seep-or hydrate-related slope failures in the Hovland area. The proposed match of the Hovland mounds with deeper faults has been interpreted in terms of a possible near-vertical pathway of fluids under recent conditions (Hovland et al. 1994) . A glacial setting, with possible hydrate build-up, may have caused deflected flow. In such a model of deflected pathways, the possible role of the buried slide scars and of stratigraphic migration pathways, funnelling fluids further upslope towards the Magellan area, deserves further research. As the hydrate stability model shows, the depth of the crater below the Hovland area fits computed depths for the lower boundary of a hydrate stability zone under full glacial conditions. Sediment mobilization may have occurred either through blow-out or through scouring of Fig. 7 . Interpreted cross-sections through the slope failure area under the area of Hovland mounds (see Fig. 1 for line location). Note the imbricated slope failures (upper profile, a, b) at the northwestern extremity of the depression.
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gas-charged sediments in an environment characterized by vigorous currents over the recent geological past. Sequences of high-energy deposits observed on the high-resolution seismic profiles argue for such strong currents.
Conclusions
Recent high-resolution reflection seismic investigations in Porcupine Basin, SW of Ireland, have unveiled a variety of carbonate mound provinces. The most intriguing province is an extensive region of hundreds of buried mounds: the Magellan mounds. This province fringes a large and complex buried slope failure feature, shaped as a crater-like depression and filled with highenergy deposits capped by a cluster of large seabed mounds: the Hovland mounds. The extent of the Magellan region itself largely coincides with a past sea-bed failure, located some 15-20m below the base of the mounds.
Both mounds and slope failures in this region may be related to episodic fluid venting from deeper reservoirs, in a marine environment characterized by important variations in temperature and current regime. During Quaternary times, with repeated fluctuations from polar conditions in front of an Irish ice-sheet to temperate conditions, extreme variations in bottom water temperatures (up to 10~ may have translated into cycles of local growth of gas hydrates, fuelled by methane from deeper hydrocarbon reservoirs, and their subsequent decay. The Magellan mounds and the underlying sea-bed failure may form two different sea-floor expressions, at different times and under contrasting oceanic conditions, of a common fluid migration and gas venting pathway.
If this hypothesis can be substantiated by further evidence, it may shed light on the importance, in those hydrocarbon basins that have experienced glacial conditions, of a transient hydrate zone on the slope, between 500 and 700m depth. Here, the waxing and waning of hydrate horizons, controlled by glacial cycles, may have played a significant role within a coupled system of fluid flow, slope destabilization and response of the biosphere. 
